Lipopolysaccharide (LPS) is a major surface antigen of gram-negative bacteria and is essential for the physical integrity and function of the bacterial outer membrane. The basic structure of Helicobacter pylori LPS is similar to those of other bacterial species and consists of three distinct regions: an Ochain polysaccharide composed of repeating units, a core oligosaccharide, and a hydrophobic lipid A moiety (40) . H. pylori LPS may play several roles in pathogenesis and has been implicated in causing abnormal acid secretion and in inducing apoptosis of epithelial cells and gastritis in mice (22, (36) (37) (38) (39) 42) . More recently, the focus has been on the ability of many strains of H. pylori to express O-polysaccharide chains that mimic Lewis blood group antigens (33) . These antigens are naturally expressed on the surface of epithelial cells of several human tissues, including the gastric mucosa (30) .
A majority of the core regions of LPSs from different gramnegative bacteria contain L-glycero-D-manno-heptopyranose (LD-heptose) (Fig. 1) . One of the unique features of H. pylori LPS is the abundance of D-glycero-D-manno-heptose (DD-heptose) ( Fig. 1 ) residues in its core region (33) . The occurrence of DD-heptose in bacterial LPS is relatively uncommon. A limited number of bacterial species are known to contain DDheptose residues in their core region, including Proteus mirabilis R110/1959, Yersinia enterocolitica, several strains of Yersinia pestis, Aeromonas hydrophila, and Rhodocyclus spp. (18) . In Klebsiella pneumoniae strain 01/R20, the outer core region of LPS contains an ␣-1,2-linked DD-heptoglycan (48) . Other bacteria, such as Haemophilus ducreyi (18) , Vibrio parahaemolyticus (18) , Vibrio salmonicida (18) , Coxiella burnetii (18) , Proteus penneri (54) , Actinobacillus pleuropneumoniae (45) , and Mannheimia hemolytica (4) , have one or two internal DD-heptose residues in their core regions. Additionally, the glycan chain of the surface layer glycoprotein of Aneurinibacillus thermoaerophilus DSM 10155 was reported to contain DD-heptose residues (57) . To date, only the DD-heptosyltransferase gene of H. ducreyi has been cloned and characterized (12, 15, 53) .
In H. pylori LPS, DD-heptose residues form an integral component of the core oligosaccharide as well as the linking region that connects the outer core oligosaccharide to the O chain. In some H. pylori isolates the linking region is composed of a long DD-heptoglycan polymer, while in other strains a single DDheptose residue links the O chain to the core (33) . Recently, nontypeable strains of H. pylori expressing DD-heptoglycan but lacking traditional Lewis antigens have been identified (2, 20, 44) . The presence of the outer core region consisting of multiple DD-heptose residues and the DD-heptoglycan domain along with the Lewis blood group antigen-containing O-chain polysaccharide distinguishes H. pylori LPS from those of other gram-negative bacteria (33) .
To continue our work directed towards elucidating the genetic basis of LPS biosynthesis in H. pylori, we have cloned and characterized the key outer core biosynthetic enzyme encoded by the HP0479 gene through insertional mutagenesis studies and structural analysis of the resulting LPS.
MATERIALS AND METHODS
Bacterial strains and media. H. pylori strain 26695 (51) was obtained from R. A. Alm. H. pylori strain SS1 was obtained from A. Lee . H. pylori strains ATCC 43504 (type strain) and serotype O:3 were obtained from J. Penner. H. pylori strain PJ1 was a clinical isolate of unknown clinical history. H. pylori strain O:1 was an isolate from Health Canada that was originally typed as the type strain but had undergone phenotypic changes after several passages. H. pylori cultures were grown either on solid Columbia blood agar (Difco) supplemented with horse blood (5%), vancomycin (10 mg/liter), nalidixic acid (1.1 mg/liter), Bacitracin (20 mg/liter), polymyxin B (0.33 mg/liter), and amphotericin A (5 mg/liter) or in brucella broth supplemented with fetal bovine calf serum (5 to 10%), vancomycin (10 mg/liter), nalidixic acid (1.1 mg/liter), Bacitracin (20 mg/liter), polymyxin B (0.33 mg/liter), and amphotericin A (5 mg/liter). All H. pylori cultures were incubated at 37°C in a Tri-Gas incubator (Nuaire) with a gas mixture of 85% N 2 , 10% CO 2 , and 5% O 2 until the desired amount of growth was obtained (normally 2 to 3 days). Small-scale liquid medium cultures were shaken at 100 rpm in the Tri-Gas incubator at 37°C. For propagation and maintenance of plasmids, Escherichia coli DH5␣ was used. E. coli cultures were grown in Luria broth supplemented, when appropriate, with ampicillin (100 mg/liter; Sigma), X-Gal (Gibco/ BRL), IPTG (isopropyl-␤-D-thiogalactopyranoside) (100 mM; Gibco/BRL), or kanamycin (20 mg/liter; Sigma). Large-scale growth of H. pylori for LPS purification. For 1-liter flask growth, brucella broth cultures were gassed with a gas mixture as described above and inoculated with two 100-ml volumes of bacterial stocks at an optical density (OD) of 0.5 to 0.6 to reach the starting OD at 600 nm (OD 600 ) of 0.1. Cultures were gassed again for 15 min, sealed, and incubated for 48 h in a shaker. Flasks were flushed repeatedly with the gas mixture every 2 to 3 h.
Three to four liters of bacterial stock was used to inoculate each fermentor run, giving an OD 600 of 0.1 to 0.15. The fermentor, a New Brunswick Scientific MF-128S Microferm, was modified to take the gas mixture through the headspace. The medium used was 2.8% brucella broth containing 7.5% fetal bovine serum. Dissolved oxygen was maintained at around 2%, the pH was adjusted to 7.2, the agitation rate was set at 210 rpm, and the temperature was a nominal 37°C. OD 600 was measured hourly. The fermentor run lasted 48 h. The contents were killed by the addition of 2% (wt/vol) phenol, and the cells were harvested by centrifugation at 5,000 ϫ g.
Identification of putative H. pylori DD-heptosyltransferases. Computer database searches of the genome of H. pylori 26695 were conducted using the BLAST search engine (3, 35) for genes that showed structural homology to heptosyltransferases. Several different heptosyltransferases were used as the query sequences for these searches, including the WaaC genes from E. coli, Salmonella enterica serovar Typhimurium, Campylobacter coli, Campylobacter jejuni, Campylobacter hyoilei, and H. pylori 26695 (HP0279). Reciprocal BLAST searches were conducted using the HP0479 sequence as the query sequence.
Cloning of the HP0479 gene. The PCR-amplified HP0479 gene from H. pylori 26695, as well as the HP0479 homologs from the genomes of the type strain (ATCC 43504) and the O:3, PJ1, and SS1 strains were cloned by blunt-end ligation into pUC19 cut with SmaI restriction enzyme. The primers used for amplification of the HP0479 gene were HP0479-F1 (5Ј-GCCTTTATCAAGCT AGAG-3Ј) and HP0479-R1 (5Ј-CATAAATGTCCTAACAAGC-3Ј). Standard DNA manipulation methodologies were used to isolate the plasmids (43) .
Mutagenesis of the cloned HP0479 gene. Mutagenesis of the cloned HP0479 gene of pHP0479G.1 was carried out by the insertion of a kanamycin resistance marker from C. coli (24) as previously described (29) , generating plasmid pHP0479G.1kan.
Transformation of H. pylori. Natural transformation of H. pylori was carried out according to the protocol of Haas and coworkers (16), using pHP0479G.1kan. Chromosomal DNA was isolated from kanamycin-resistant transformants, and PCR using Taq DNA polymerase (Roche Molecular Biochemicals) was used to ascertain if the C. coli kanamycin marker had been inserted into the HP0479 gene. For this purpose, the primers HP0479-GF1 (5Ј-ATGCATGTTGCTTGTCTTTTGG-3Ј) and HP0479-GR1 (5Ј-TTATAATA GCCCCAAATGGC-3Ј) were used.
Mutagenesis of HP0480.
Mutation of the HP0480 gene immediately downstream of HP0479 was also investigated. This gene was amplified from the H. pylori 26695 genome by using the primers HP0480-F1 (5Ј-GATAACCTCATCA CGCTTAG-3Ј) and HP0480-R1 (5Ј-TTCAATCCATTCTAACGC-3Ј) with Pwo-. The PCR amplified HP0480 gene was cloned by blunt-end ligation into pUC19 cut with SmaI to make pHP0480G.1. The HP0480 gene of pHP0480G.1 was mutated by insertion of the C. coli chloramphenicol resistance cassette from the plasmid pRY109 (58) into a unique SmaI restriction site in the HP0480 gene. The construct pHP0480GmC.1 carrying the mutated HP0480 gene was transformed into 26695 and SS1 as described above. The LPSs from whole cells were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Reintegration of wild-type HP0479 gene into HP0479 mutant strains. A wildtype copy of the HP0479 gene was put back into the chromosome by "antibiotic cassette swapping." The H. pylori 26695::HP0479kan mutant strain was transformed with the plasmid p479480GmC.1, which contained a wild-type copy of the HP0479 gene and the HP0480 gene into which a chloramphenicol resistance cassette had been inserted. Transformants were selected initially on chloramphenicol, followed by replica plating onto kanamycin. Chloramphenicol-resistant and kanamycin-sensitive colonies indicated a double recombination event, where the insertionally inactivated copy of HP0479 was replaced with the plasmidencoded wild-type copy and the chromosomally encoded HP0480 wild-type gene was replaced with the insertionally inactivated copy from the plasmid.
SDS-PAGE and Western blotting. The LPS profiles of the parental and mutant H. pylori strains were analyzed by SDS-PAGE of whole-cell LPS preparations, using methods modified from those of Hitchcock and Brown (17) . Samples of proteinase K-digested whole-cell lysates or purified LPS were electrophoresed on 12% polyacrylamide gels in the presence of SDS according to the method of Laemmli (25) , using a mini-slab gel apparatus (Bio-Rad). LPS was visualized using the silver staining technique described by Tsai and Frasch (52) or transferred to nitrocellulose for immunological detection as previously described (28) . The antibodies (Signet Laboratories) were used at a 1:500 dilution for anti-Le Y monoclonal antibody (MAb) and a 1:250 dilution for anti-Le X MAb. Membrane fraction analysis. Membrane fractions were prepared from overnight (18-h ) liquid cultures of HP0479 mutant strains and parental strains by using the protocols described by Logan and coworkers (29) . The fractions were analyzed by one-dimensional SDS-PAGE and stained using Coomassie blue.
Isolation and purification of LPS. The wet cell mass obtained by centrifugation of the bacterial growth was washed successively once with ethanol, twice with acetone, and twice with light petroleum ether and air dried. LPS was extracted from the air-dried cellular material by the hot-phenol-water extraction procedure of Westphal and Jann (56) . LPS was obtained from the aqueous phase after extensive dialysis and lyophilization. H. pylori LPS from parental strains was further purified by ultracentrifugation and the pellet suspended in distilled water and lyophilized.
Preparation of core oligosaccharides. LPS (25 to 30 mg) was hydrolyzed in sodium acetate buffer, pH 4.2, for 2 h at 100°C; the solution was cooled and the precipitated lipid A was removed by low-speed centrifugation. The supernatant solution was lyophilized, and the water-soluble components were fractionated by gel filtration chromatography on a Bio-Gel P-2 column (1.6 cm by 95 cm) equilibrated with pyridinium acetate (0.05 M, pH 4.5). Elution was performed with pyridinium acetate (0.05 M, pH 4.5). The fractions (1 ml) were monitored for neutral glycoses (9) , and those a giving positive reaction were combined and lyophilized.
Analytical methods. Glycoses were determined by gas-liquid chromatography (GLC) as their alditol acetate derivatives. Samples (0.2 to 0.5 mg) were hydrolyzed with 2 M trifluoroacetic acid for 16 h at 100°C and evaporated to dryness under a stream of nitrogen. The liberated glycoses were reduced with sodium borohydride and acetylated with acetic anhydride-pyridine as previously described (59) . The configuration of peracetylated heptitol derivatives was determined to be L-glycero-D-manno or D-glycero-D-manno by comparison of their GLC retention times with those of authentic standards. Hexoses were determined to have the D configuration by GLC analysis of their acetylated (R)-2-butyl glycoside derivatives (14) .
Methylation analysis was performed on lipopolysaccharide samples (1 to 3 mg) or dried bacterial cells with iodomethane in dimethyl sulfoxide containing an excess of sodium hydroxide (6) , and permethylated alditol acetates were characterized by GLC-mass spectrometry (MS) in the electron impact mode as previously described (2) . Fast atom bombardment (FAB)-MS analysis in a positive mode and electrospray mass spectrometry were performed as previously described (2, 27) .
Mouse colonization. Mouse colonization was performed as described by Logan and coworkers (29) . For each inoculum, two sets of 10 mice were inoculated by 
RESULTS
Identification of putative heptosyltransferase genes of H. pylori. HP0479 was identified through BLASTP analysis as a putative heptosyltransferase and a member of carbohydrate active enzyme family 9 (CAZY9) (5, 8) by using the amino acid sequences of several heptosyltransferase genes from other organisms as query sequences (13) . Most notably, HP0479 displayed 29% identity to Hp0279 (waaC, LD-heptosyltransferase), which is the protein responsible for addition of LD-Hep to 2-keto-3-deoxyoctulosonic acid (KDO) in the inner cores of a number of gram-negative bacterial species. HP0479 also showed 22% identity with a functionally characterized DDheptosyltransferase of H. ducreyi. In addition, it was noted that the HP0479 sequence contained a conserved domain (K203 to Y478) commonly found in many WaaC and WaaF heptosyltransferase protein sequences.
Cloning and mutagenesis of HP0479 genes from H. pylori strains. The HP0479 gene of H. pylori 26695 and the HP0479 homologs from H. pylori strains Sydney (SS1), O:3, ATCC 43504 (type strain), and PJ1 were amplified by PCR and cloned. The nucleotide sequences of the HP0479 genes from PJ1, SS1, and O:3 showed between 91.5% and 94.2% identity with the HP0479 nucleotide sequence. The deduced amino acid sequences of the HP0479 homologs had 88.3% to 93.6% identity with HP0479 (data not shown; GenBank accession numbers AY885679, AY885680, and AY885681).
The HP0479 gene carried on plasmid pHP0479G.1 (from genome strain 26695) was mutated by insertion of a kanamycin resistance cassette as described in Materials and Methods. The cassette was in the nonpolar orientation as determined by restriction enzyme digestion (data not shown). The mutant construct pHP0479GmK.1 was used to generate HP0479 mutant strains of 26695, SS1, O:3, ATCC 43504 (type strain), and PJ1 (16) . In all strains, the incorporation of the mutant HP0479 allele by double recombination was confirmed by PCR (data not shown). 
Analysis of the LPSs of H. pylori strains by SDS-PAGE.
The LPS profiles of the parental and HP0479 mutant strains were analyzed by SDS-PAGE of whole-cell lysates and purified LPS preparations from 26695, O:3, SS1, and PJ1. In all cases, the mutation of the HP0479 gene resulted in truncation of the LPS. LPS from parental strains 26695, O:3, and SS1 exhibited a typical high-molecular-weight ladder associated with S-type LPS, while their corresponding HP0479 mutants no longer produced O chain ( Fig. 2A, lanes 1 to 6) . In comparison, LPS from PJ1, although producing a unique pattern of migration by SDS-PAGE (lane 7), was Le negative (data not shown). However, as was observed with the other HP0479 mutants, the corresponding HP0479 mutant of this strain also failed to produce any high-molecular-weight material (lane 8 (Fig. 2B and C) . Mutagenesis of HP0480. The HP0480 gene has been annotated as encoding a putative yihK GTP-binding protein (51) and was not expected to be involved in LPS biosynthesis. Similarly, HP0481 and HP0482 were not expected to contribute to LPS biosynthesis, although they may be linked to HP0479 as part of a transcriptional unit (51) . Mutation of the HP0480 gene did not affect LPS expression as evidenced by SDS-PAGE (data not shown), and no change in growth rate was observed over 48 h in broth culture.
Reintegration of wild-type HP0479 in the genome by "antibiotic swapping." A wild-type copy of the HP0479 gene was reintegrated into the chromosomes of H. pylori strains 26695::HP0479kan and O:3::HP0479kan by using an "antibiotic swapping" technique. When the wild-type copy of the HP0479 gene was restored in the 26695::HP0479kan (Fig. 3) and O:3::HP0479kan (data not shown) strains, an extended LPS structure with O chain was observed; however, it was noted that the major LPS species in this strain appeared to migrate further into the gel, indicating a reduction in length of the O chain. It is well known that cultures grown on solid media will produce LPS of lower molecular mass (34) . In addition, while reactivity with anti-Le Y was restored in the complemented strain (Fig. 3C ), we were unable to detect reactivity with anti-Le X antibodies. These antibodies detect only terminal Le X structures (Fig. 3B) ] ϩ were present in each mutant LPS. The data in Fig. 4 represent FAB-MS spectra of the permethylated LPS from 26695 (Fig. 4A ) and 26695::HP0479kan (Fig. 4B ). This evidence together with the absence of the primary glycosyl oxonium ion at m/z 682 [Fuc, GlcNAc, Hep] ϩ suggested that the mutant LPS structure was lacking the DD-Hep residue which bridges the O chain and the core oligosaccharide in the respective parent LPS (29, 33) . LPSs from H. pylori SS1::HP0479kan, 26695::HP0479kan, and O:3::HP0479kan were delipidated and desalted following gel filtration chromatography on a Bio-Gel P-2 column. Fractions containing core oligosaccharide components were subjected to mass spectrometric analysis using on-line capillary electrophoresis-mass spectrometry (CE-MS) (Fig. 5A) , followed by MS/MS analysis of the most abundant oligosaccharide fragments ( Fig. 5B and C) . The product ion spectra of delipidated LPSs from SS1, 26695, and O:3 mutants (Fig. 5C) showed singly charged fragment ions at m/z 1612 and m/z 1594, containing an anhydro-KDO. These fragment ions could be assigned to the glycoform HexHexHep(HexNAcFuc)HepHep-(PE)KDO, based on the linkage and FAB-MS analyses data and recent structural studies (33) . Further structural evidence was obtained in a MS/MS experiment where the singly charged ion at m/z 1392 was selected as a precursor (Fig. 5B) . Observation of the diagnostic ion at m/z 1246, arising from the loss of (Table 2) . A summary of the glycoforms present in HP0479 mutants of H. pylori strains 26695, SS1, O:3, and PJ1 is presented in Table 2 . These structural assignments were consistent with the methylation data, which showed the presence of 2,7-substituted DDHep, 7-substituted DD-Hep, and 2-substituted DD-Hep in the methylation analysis of H. pylori LPS mutants 26695::HP0479kan, SS1::HP0479kan, and O:3::HP0479kan. Sugar analysis of the PJ1::HP0479kan mutant revealed a significant reduction in the amounts of DD-Hep and Glc, compared with the parent PJ1 strain (Table 1) . Similarly, methylation analysis of the PJ1::HP0479kan mutant performed on purified intact LPS confirmed that this mutant LPS was devoid of 6-linked Glc and 3-linked DD-Hep and produced a significantly reduced amount blot analyses of the complemented 26695::HP0479-HP480cam strain showed complete restoration of the O chain (Fig. 3) although only minor restoration of Le X reactivity. Comparison of the sugar ratios of LPS from the restored strain with those obtained for the parental 26695 strain confirmed the restoration of the O chain, although as is commonly seen in isolates cultured on solid agar, the chain appears to be shortened. Additionally, restoration of DD-Hep in the linking region and ␣-1,6-glucan moiety (Table 1) The amount of 6-linked Glc remained unchanged, suggesting complete restoration of the ␣-1,6-glucan moiety. In addition, significantly less 4-linked Glc was present, a contaminant previously found to be produced by some strains of H. pylori and associated with ␤-1,4-glucan (23) .
To confirm the complete restoration of the O-chain polysaccharide, delipidated LPS from the H. pylori HP0479-HP0480::cam strain was subjected to an IS-CID-MS analysis (27) . This technique allows in-source fragmentation of the O-chain polysaccharide, thus confirming its sequence. The resulting IS-CID-MS spectrum was consistent with the presence of both Le (Fig. 7C and  D) . When delipidated H. pylori 26695 LPS was subjected to IS-CID-MS analysis, similar results were obtained, although the intensity of fragment ions at m/z 1023.8, corresponding to Le X -Le X disaccharide, was significantly higher than the intensity of fragment ions at m/z 1169.4, corresponding to Le Y -Le X (Fig. 7A) . With the exception of terminal Le X structures, the complementation with a wild-type copy of HP0479 had completely restored a parental O-chain phenotype. It is well known that subculture of Helicobacter on agar media can lead to a reduction in O-chain length, the consequence of which, at least in this case, appears to be preferential capping by Le Y . IS-CID-MS analysis of the 26695::HP0479kan mutant LPS confirmed the absence of the Le antigen-containing O-chain polysaccharide (Fig. 7B) .
Mouse colonization experiments. The effects of the HP0479 mutation on colonization were investigated using H. pylori strains SS1 and PJ1. Experiments were performed in duplicate. The SS1 strain has been shown to consistently colonize mice and has been universally used as a mouse colonization model for H. pylori (7, 11, 26, 29) . The clinical isolate PJ1 has also been shown to consistently colonize mice stomachs, although at reduced rates compared to SS1 (32) . In all cases, the parental strains colonized the mice as expected, while with the HP0479 mutant strains colonization was abolished (Table 3) .
DISCUSSION
We have cloned an ␣-1,2-D-glycero-D-manno-heptosyltransferase (DD-heptosyltransferase) gene, HP0479, from H. pylori 26695. Structural analysis of a number of H. pylori HP0479kan mutants from both typeable and nontypeable strains confirmed that the HP0479kan mutant LPS was truncated at DDHepI, which connects the outer core region oligosaccharide and the O chain, leaving the core backbone oligosaccharide intact and indicating that the HP0479 gene product likely adds the critical branching DD-heptose (DDHepII) to the LPS. This structural element of the H. pylori LPS is conserved among all strains studied so far (2, 33) . To our knowledge, this is the first reported DD-heptosyltransferase cloned from H. pylori and only the second DD-heptosyltransferase gene to be characterized thus far. The DD-heptosyltransferase gene lbgB from Haemophilus ducreyi has been identified by Tn916 transposon mutagenesis, cloned, and characterized (12, 15, 53) . The lbgB gene encodes an ␣-1,6-D-glycero-D-manno-heptosyltransferase that adds DD-heptose to glucose in the H. ducreyi lipooligosaccharide.
The genetics of LPS assembly in H. pylori has not been well characterized. The completion of the genome sequence of two strains (1, 51) facilitated the annotation of 22 putative LPS glycosyltransferase genes based on homologies to LPS genes from other organisms, but only 4 of these have been functionally characterized. These include three fucosyltransferases which are involved in expression of Lewis antigens (31, 41, 55) . In addition, Logan and coworkers (29) used functional genomics to identify and conclusively show that the HP0826 gene encoded the ␤-1,4-galactosyltransferase which was critical in O-chain backbone biosynthesis. Mutagenesis of this gene in H. pylori SS1, a strain able to colonize the murine stomach, resulted in significantly reduced colonization levels. Endo and coworkers (10) cloned and expressed the homologous ␤-1,4-galactosyltransferase gene from H. pylori NCTC11637, giving further evidence for its function.
To date none of the DD-heptosyltransferases involved in the biosynthesis of the core oligosaccharide or the addition of DD-heptose to the DD-heptan-linking region have been functionally identified, although the waaC and waaF genes, which add LDHepI and LDHepII, respectively, have been identified based on sequence homology to analogous genes in other organisms. Even with the availability of genome sequences, identification of new heptosyltransferases by homology searches is difficult, since very few examples of organisms that incorporate DD-heptose into their LPS exist and the nucleotide or amino acid sequences for only two DD-heptosyltransferases are available. Structural data on the LPSs from several strains of H. pylori (33) indicate that there may potentially be at least seven different DD-heptosyltransferases responsible for addition of heptose residues to the core of H. pylori LPS. Unlike in other gram-negative bacteria (C. jejuni, Escherichia coli, and Salmonella spp.), the genes responsible for the assembly of the LPS in H. pylori are not clustered together, compounding the problem of gene identification.
Functional characterization of this DD-heptosyltransferase has not been described due to a lack of the appropriate synthetic donor-acceptor molecules for in vitro assays and the difficulty in producing the necessary truncated H. pylori LPS molecule to use as acceptor. Consequently, it is necessary to rely on structural analysis of LPSs from isogenic mutants for indication of function. While this approach may fail to address the issue of secondary effects on LPS biosynthesis, in the current study mutational analysis of isogenic mutants from a number of different strains of Helicobacter which produce unique outer core structures, as well as complementation experiments, gives strength to the functional assignment. In all isogenic mutants generated, the identical truncated structure was observed, pointing to a direct role for HP0479 as a ␣-1,2-DDheptosyltransferase. In addition, structural analysis of LPS has proven to be a reliable method for the functional characterization of glycosyltransferases involved in LPS assembly from other bacterial species (19, 21, 46) . The absence of DDHepII in the side chain, which serves as a link between the O chain and the core oligosaccharide, resulted in the loss of O chain and DD-heptoglycan (for serotype O:3). In addition, all mutant LPSs also lacked a 3-linked Glc in the backbone oligosaccharide, an observation which was also made for the LPSs from a number of parental strains (32) and is likely not a direct effect of this mutation. CE-MS analysis of the delipidated LPS confirmed the presence of glycoforms containing [HexNAc,Fuc] The HP0479 activity was restored by the reintroduction of the wild-type gene back into the chromosome of strain 26695 by "antibiotic cassette swapping." This method of reintroducing a wild-type gene into the chromosome was preferable over plasmid complementation methods in that the correct copy number and location of the gene are restored. The mutant strain into which a wild-type copy of HP0479 was introduced via insertion into the chromosome resulted in the restoration of the parental LPS phenotype as evidenced by migration on SDS-PAGE and reactivity with anti-Le Y antibodies. Interestingly, while all structural features of the parental 26695 LPS were restored, only a negligible amount of Le X antigen could be detected by immunoblotting and FAB-MS in the mutant LPS. However, both methods are based on the detection of the outer extremities of LPS molecule and do not give any information on internal sequences. In order to overcome this problem, we have applied a recently developed IS-CID-MS method for the direct analysis of polysaccharides (27) . CE-MS analysis of delipidated LPS from the restored H. pylori 26695 strain confirmed the complete restoration of Le Y and internal Le X residues. The apparent lack of Le X expression as observed by immunoblotting and FAB-MS was shown to actually represent only loss of capping Le X structures. The more thorough IS-CID-MS analysis revealed that both Le X and Le Y structures are indeed restored.
The role of Le antigens in colonization is currently unclear. Earlier work by Takata and coworkers (49) using C3H/HeJ mice indicated that Le antigen expression was not necessary for colonization, while Suresh and coworkers (47) observed colonization of mice by a strain of H. pylori that did not express detectable Le antigens. Previous studies showed that mutant strains unable to express O chain (Le antigen) but which retained an outer core structure displayed only a moderate reduction in colonization (approximately 18%) (29) , while deeper truncation of the outer core of LPS (HP0159) showed an even more marked reduction (48%) in colonization (S. M. Logan and coworkers, unpublished data). In contrast, Martin and coworkers (31) reported that a Le X/Y double fucT mutant of H. pylori, strain 4187E-KO379/651, showed markedly reduced colonization compared with the parent strain in mouse colonization studies using HSD/ICR mice. Structural studies on LPS from this mutant indicated that while Le antigens were no longer present, H type 1 and H type 1-LacNAc-LacNAc structures were still present, although data on the length of the O chain in this particular mutant were not reported. Our current data clearly demonstrate that an extended core structure is necessary for colonization in the mouse model even in the absence of Le epitopes. The HP0479 mutation was introduced into two mouse-colonizing strains of H. pylori, SS1 and clinical isolate PJ1. Both parent strains colonize mice, with strain PJ1 colonizing to a lesser extent (32) . Wild-type SS1 expresses Le Y , while strain PJ1 lacks Le antigens and instead produces a long DD-heptoglycan (32) . The HP0479 mutation led to phenotypically similar truncated LPS structures, and colonization ability was abolished for both mutant strains.
In summary, we have found that the HP0479 gene from H. pylori 26695 likely encodes an ␣-1,2-D-glycero-D-manno-heptosyltransferase, and this is the first DD-heptosyltransferase from H. pylori to be characterized. HP0479 appears to add DDHepII to the core backbone oligosaccharide. DDHepII is a critical residue providing the link between the core oligosaccharide backbone and the O chain through the DD-heptan region. Our data provides evidence that the length of the LPS may be a significant factor contributing to colonization regardless of Le antigen status. Hynes and coworkers (20) made similar observations, showing that there was a relationship between the length of the LPS and the ability of H. pylori to colonize mice. A minimal length may be required for colonization, either for LPS to interact with the environment or for survival of the organism in the stomach. This study has generated, through insertional mutagenesis, a conserved deeply truncated LPS structure which offers potential as a conserved target of H. pylori.
